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FLEXIBLE BACKBONE AROMATIC POLY I M I D E  ADHESIVES 
Donald 3. Progar and Ter ry  L. S t .  C l a i r  
Polymeric Mater4 a1 s Branch, NASA Langley Research Center, Hampton, VA 
23665-5225 
Cont inu ing research a t  Langley Research Center on t h e  synthes is  and 
development o f  new inexpensive f l e x i b l e  aromatic po l y im i  des as adhesives 
has r e s u l t e d  i n  a m a t e r i a l  i d e n t i f i e d  as LARC-F-SO2 with s i m i l a r i t i e s  t o  
po ly imidesu l  fone, PIS02, and o the r  f l e x i b l e  backbone po ly im i  des r e c e n t l y  
repo r ted  by Progar and St. C l a i r .  Also prepared and evaluated was an 
endcapped vers ion  o f  PIS02. These two polymers were compared wi th 
LARC-TPI and LARC-STPI, po ly imides researched i n  our l a b o r a t o r y  and 
repo r ted  i n  the  1 i tera tu re .  
'. 
The adhesive evaluat ion,  p r i m a r i l y  based on l a p  shear s t reng th  (LSS) 
t e s t s ,  i nvo l ved  prepar ing  adhesive tapes, conduct ing bonding s tud ies  and 
exposing l a p  shear specimens t o  204°C a i r  f o r  up t o  1000 h r s  and t o  a 
72-hour water b o i l .  LSS t e s t s  a t  RT, 177°C and 204°C were performed 
before  ( c o n t r o l s )  and a f t e r  these exposures. The type o f  adhesive 
f a i l u r e  as we l l  as the  Tg was determined f o r  t he  f r a c t u r e d  specimens. 
The r e s u l t s  i n d i c a t e  t h a t  LARC-TPI provides the  h i g h e s t  LSSs, 33 MPa 
a t  RT, 30 MPa a t  177"C, and 26 MPa a t  204°C. LARC-F-SO2, LARC-TPI and 
LARC-STPI a l l  r e t a i n  t h e i r  s t rengths  a f t e r  thermal exposure f o r  1000 h r s  
and PIS02 r e t a i n s  g rea te r  than 80% o f  i t s  c o n t r o l  s t rengths.  
Most o f  t he  f o u r  adhesive systems showed reduced s t reng ths  f o r  a l l  
t e s t  temperatures a1 though s t i  11 r e t a i n i n g  a h igh  percentage o f  t h e i r  
o r i g i n a l  s t reng th  ( >  60%) except f o r  one case. 
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The predominant f a i l u r e  mode was cohesive w i t h  no s i g n i f i c a n t  change 
i n  t h e  Tgs. 
Although t h e  LARC-F-SO2 could no t  be prepared i n  diglyme alone as 
t h e  so lvent ,  t h e  p r o p e r t i e s  o f  the r e s u l t i n g  adhesive were notable. The 
darkening o f  t h e  adhesive du r ing  bonding was t y p i c a l  of systems which 
u t i l i z e  amide solvents. 
INTRODUCTION 
Dur ing  t h e  pas t  decade, considerable research a t  NASA Langley Research 
Center has been d i r e c t e d  towards the synthesis o f  f l e x i b l e  a romat i c  
poly imides. 1-7 Two no tab le  polyimides, t h a t  are now commercial ly 
a v a i l a b l e  r e s u l t e d  f rom t h i s  work. They are LARC-TPI and 
po ly im idesu l fone  (PIS02).5~7 
aromat ic  diamines w i t h  meta catenat ion as descr ibed by B e l l ,  e t  a l .  
Recent ly  Progar and S t .  C l a i r  reported on two f l e x i b l e  backbone 
copoly imides t h a t  were synthesized i n  an e f f o r t  t o  develop a r e l a t i v e l y  
inexpensive h i g h  temperature adhesive.6,8 These polymers contained the 
diamines 4,4 ' - d i  a n i  nodi phenylether (commonly r e f e r r e d  t o  as oxydiani  1 i ne 
or ODA) and - meta phenylenediamine (MPD). 
compounds a f fo rded  adhesives wi th  a t t r a c t i v e  p roper t i es .  
s i m i l a r  nature cont inues i n  our l abo ra to ry  w i t h  t h e  development o f  a new 
Both o f  these po ly im ides  con ta in  br idged 
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The combined use o f  these two 
Research o f  a 
copoly imide w i th  s t r u c t u r a l  s i m i l a r i t i e s  t o  PIS02. 
designated as LARC-F-SO2, i s  shown below. 
T h i s  ma te r ia l ,  
This paper compares t h e  novel LARC-F-SO2 t o  i t s  progeni tors ,  PIS02, 
LARC-STPI f l e x i b l e  copoly imide and LARC-TPI polymer. 
3 - 
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M a t e r i a l s  and polymer synthes is  




The exper imental  procedures f o r  t h e  synthes is  o f  t h e  poly imides, 
except f o r  LARC-F-SO2 and endcapped PISO2, have been repor ted 
p rev ious l y .  
use o f  reagent grade monomers and s o l  vents t h a t  a re  commercial ly 
a v a i l a b l e .  
or b.p. f o l l ows :  
A1 l c o  Company, P i t t sbu rg ,  KA, m.p. 224-226OC; meta-phenylenediamine 
(MPD), pur iss imus grade from Fluka Chemical Company, Hauppauge, NY, mop. . 
61-63°C; 3,3'-di ami nodi phenyl su l fone  (3,3'-DDS02) , FIC Corporation, San 
Francisco, CA, m.p. 165-167OC; bis-2-methoxyethylether (diglyme), F luka 
C herni ca 1 Company, b. p. 60-62°C; N, N-di met h y l  acet a m i  de (DMAc) , F1 uka 
Chemical Company, h.p. 165-167°C. 
The procedure f o r  t h e  synthes is  o f  LARC-F-SO2 invo lved  t h e  
The l i s t  of chemicals, abbrev iat ions,  t h e i r  source and m.p. 
benzophenonetetracarboxylic a c i d  d ianhydr ide (BTDA), 
The p r e p a r a t i o n  o f  t h e  polymers was c a r r i e d  out  a t  room temperature 
i n  a 1000 m l  c y l i n d r i c a l  f l a s k  with a removable, four-neck top. 
of t h e  m i x t u r e  was accomplished us ing  an i m p e l l e r  b lade d r i v e n  by a 
constant- torque, overhead motor equipped wi th  a v a r i a b l e  speed con t ro l .  
S t i r r i n g  
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The BTDA (16.273 g, 0.505 M) was s l u r r i e d  i n  135 g o f  diglyme a t  
ambient temperature (-20°C). 
was added and t h e  m ix tu re  was al lowed t o  s t i r  f o r  approximately one 
hour. 
and t h e  BTDA had reacted as evidenced by a s l i g h t  i nc rease  i n  
temperature.  The MPD (2.704 gs  0.0250 M) was added t o  the  reac t i on  
vessel ,  t h e  po lymer i za t i on  reac t i on  cont inued r a p i d l y  and a p r e c i p i t a t i o n  
o f  t h e  polyamide-acid copolymer o c p r r e d  w i t h i n  15 min. 
r e d i s s o l v e  t h e  polymer, 55 g o f  DMAc was added and s t i r r i n g  continued 
ove rn igh t .  
s o l u t i o n  t o  p r e p a r e  t h e  a d h e s i v e  scrim c l o t h  and f o r  p r i n i n g .  The 
i n h e r e n t  v i s c o s i t y  (n inh)  o f  t he  polymer, as determined a t  0.5 w t X  
s o l i d s  i n  DMAc a t  35"C, was 0.724 dl /g.  
Next t h e  3,3'-DDS02 (6.20 g, 0.0250 M) 
A t  t h i s  p o i n t  t he  ma te r ia l s  were a l l  i n  s o l u t i o n  as t he  3,3'-@DS02 
I n  order t o  
The polymer red isso lved and was used as a 11.6 w t X  s o l i d  
The monomers used i n  the  preparat ion o f  endcapped PIS02 were BTDA, 
3,3'-DDS02, and p h t h a l i c  anhydride (PA) obta ined from Eastman Kodak 
Company, Rochester, NY, m.p. 131OC w/3OC range. The polymer was prepared 
as a 20 w t %  s o l i d s  so u t i o n  i n  a mixed so l ven t  o f  d ig lyme and te t rahyd ro -  
f u r a n  (THF). The THF was obtained from A l d r i c h  Chemical Company, Inc., 
Milwaukee, krisconsin, Gold l abe l  (99.9%), b.p. 67OC. 
The BTDA (193.2 g, 0.6 M) and 3,3'-DDS02 (148.8 g, 0.6 M) were 
d i s s o l v e d  a t  ambient cond i t i ons  i n  t h e  diglyme/THF (1410 9/90 g) mixed 
s o l v e n t  and s t i r r e d  f o r  16 hours. Most o f  t h e  s o l i d s ,  approximately 90 
percent,  d i sso l ved  i n i t i a l l y  w i t h  t h e  r e s t  o f  t h e  RTDA d i s s o l v i n g  over 
t h e  remaining r e a c t i o n  t i n e .  
The PA (1.2 g, 0.008 M) was d isso lved i n  8 m l  o f  DMAc and added t o  t h e  
polyami c - a c i d  s o l  u t i  on. 
The s o l u t i o n  was amber-orange i n  co lor .  
Some p r e c i p i t a t i o n  occurred i n i t i a l l y  but 
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c l e a r e d  up w i th in  one minute. 
be 0.589 d l /g .  
The inhe ren t  v i s c o s i t y  was determined t o  
Cha r a  c t  e r i  z a t  i on 
Lap shear s t r e n g t h  (LSS) was obtained according t o  ASTM 0-1002 us ing  a 
Model TT I n s t r o n  Universa l  Tes t i ng  Machine. The LSSs repo r ted  represent 
an average o f  f o u r  l a p  shear specimens per  t e s t  c o n d i t i o n  except as noted 
i n  t h e  tab les.  The range of LSSs i s  i n d i c a t e d  by dashed l i n e s  i n  t h e  bar  
graph f i g u r e s  and i s  l i s t e d  i n  the  tables.  E levated temperature t e s t s  
were conducted i n  a c l  am-she1 1, quartz-1 amp oven w i t h  temperatures 
c o n t r o l l e d  t o  w i th in  2 3°C f o r  a l l  t e s t s .  
t e n p e r a t u r e  p r i o r  t o  t e s t i n g  except f o r  t h e  wa te r -bo i l  t e s t  specimens f o r  
Specimens were h e l d  10 min a t  
which t h e  t e s t s  were conducted as soon as the t e s t  temperature was 
reached (approximately 1-2 m i  n). 
Bondl ine th ickness i s  def ined as the  d i f f e r e n c e  between t h e  t o t a l  
j o i n t  t h i ckness  measured w i t h  a micrometer and t h e  sum o f  t h e  adherend 
thicknesses. The average bondl ine th ickness f o r  t h e  t h e r m a l l y  aged and 
w a t e r - b o i l  specimens was 0.025 cm f o r  PIS02, 0.015 cm f o r  LARC-F-SO2, 
0.009 cm f o r  LARC-TPI, and 0.017 cm f o r  LARC-STPI. 
Glass t r a n s i t i o n  temperatures (Tg) o f  t he  adhesive from t h e  
f r a c t u r e d  l a p  shear specimens were determined by thermomechanical 
a n a l y s i s  (TMA) on a DuPont 943 Analyzer.* TMAs were run  on t h e  f r a c t u r e d  
*Use o f  t r a d e  names or company names does not c o n s t i t u t e  an o f f i c i a l  
endorsement by NASA, e i t h e r  expressed or  imp1 ied. 
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l a p  shear specimens i n  s t a t i c  a i r  a t  a heat ing  r a t e  o f  5"C/min us ing  a 
hemispher ical  probe w i t h  a 15 g load. 
Thermomechanical spect ra of the  polymers were ob ta ined on a 
t o r s i o n a l  b r a i d  ana lys is  (TBA) system i n t e r f a c e d  w i t h  an I B M  PC. 
I n d i v i d u a l  g lass bra ids  were coated wi th a 11.6 w t X  s o l i d s  LARC-F-SO2 
polyamic a c i d  s o l u t i o n  and a 5 w t %  s o l i d s  PIS02 s o l u t i o n  and precured i n  
a i r  f o r  one hour a t  each o f  t h ree  temperatures: 100°C, 200°C and 300°C. 
Tests were conducted by heat ing  i n  a n i t rogen  atmosphere t o  400°C a t  
3"C/min. 
t h e  damping versus temperature curve. 
Tg was determined as t h e  ex t rapo la ted  maximum peak he igh t  o f  
Inherent  v i  s c o s i  t y  was determined us ing  a Cannon-Ubbel ohde 
viscometer i n  a 35°C water bath c o n t r o l l e d  t o  w i t h i n  f 0.01"C. A 10 m l  
s o l u t i o n  o f  0.5 w t %  s o l i d s  i n  N,N-dimethylacetamide (DMAc) was made and 
f i l t e r e d .  The average o f  t h ree  runs o f  the  s o l u t i o n  was reported. 
Adhesive tape p repara t i on  
Adhesive tape f o r  t he  PIS02 was prepared by brush c o a t i n g  a p r imer  
s o l u t i o n  o f  polyamic-acid,  d i l u t e d  t o  approximately 5 w t %  s o l i d s  i n  
d i  glyme/THF, onto 112 E-gl ass c l o t h  w i t h  A-1100 f i n i s h  (Y-ami nopropyl-  
s i l a n e ) .  The g lass c l o t h  had been t i g h t l y  mounted on a metal  frame and 
d r i e d  i n  a f o r c e d - a i r  oven f o r  30 min a t  100°C p r i o r  t o  coat ing.  The 
0.01 cm t h i c k  g lass c l o t h  served as a c a r r i e r  f o r  t h e  adhesive as we l l  as 
f o r  bondl ine c o n t r o l  and an escape channel f o r  so lvent .  The coated c l o t h  
was then a i r - d r i e d  f o r  1 h r  a t  ambient temperature and heated f o r  1 h r  a t  
each o f  th ree  temperatures: l O O " C ,  150°C and 175°C. Subsequently, each 
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a p p l i c a t i o n  of a 20 w t %  s o l i d s  so lu t i on ,  n inh  0.589 d l / g ,  was brush 
coated onto t h e  c l o t h  and exposed t o  the  f o l l o w i n g  schedule u n t i l  a 
th ickness o f  0.025 - 0.027 cm was obtained: 
(1) Room temperature (RT), he ld  1 h r  
(2)  RT + lOO"C,  h e l d  1 hr 
( 3 )  100°C + 15OoC, he ld  1 h r  
( 4 )  150°C + 175OC, he ld  1 hr 
Adhesive tape  f o r  LARC-F-SO2 was prepared i n  a s i m i l a r  manner i n  an 
at tempt t o  s tandard ize the  tape preparat ions.  An approximat ley 5 w t %  
s o l i d s  s o l u t i o n  of polyamic-acid i n  diglyme/DMAc was used t o  prime coat 
t h e  oven-dr ied g lass c l o t h .  The prime coated c l o t h  was a i r - d r i e d  f o r  1 
hr  a t  ambient temperature and heated f o r  1 h r  a t  each o f  t h r e e  
temperatures: 100°C, 150°C and 175°C. Subsequently, a f t e r  each 
a p p l i c a t i o n  of an 11.6 w t %  s o l i d s  s o l u t i o n  onto t h e  c l o t h ,  t he  tape was 
exposed t o  t h e  f o l l o w i n g  schedule u n t i l  a th ickness o f  0.018 - 0.023 cm 
was obtained: 
(1) RT, h e l d  1 h r  
( 2 )  RT + lOO"C,  h e l d  1 h r  
( 3 )  100°C 150"C, he ld  2 h r s  
( 4 )  150°C + 175"C, he ld  3 hrs  
The invo lved  procedure t o  prepare the  tapes was necessary t o  d r i ve -o f f  
so l ven t  and r e a c t i o n  product v o l a t i l e s  when conver t i ng  t h e  polyamic-acid 
r e s i n  t o  t h e  poly imide. 
g e n e r a l l y  occurs above 160°C w i t h  t h e  degree o f  convers ion being a 
I m i d i z a t i o n  o f  polyamic-acids t o  poly imides 
f u n c t i o n  of t ime  and temperature. 
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Adhesive bonding 
The prepared adhesive tapes were used t o  bond t i t a n i u m  a l l o y  adherends 
(Ti-6A1-4VS per  Mil-T-9046E9 Type I11 Comp. C )  w i t h  a nominal th ickness 
o f  0.13 cm. The Ti-6A1-4V panels were g r i t  b l a s t e d  w i t h  120 g r i t  a lumi-  
num oxide, washed w i t h  methanol, and t r e a t e d  w i t h  Pasa J e l l  107* t o  form 
a s t a b l e  ox ide on t h e  surface. The adherends were washed w i t h  water and 
d r i e d  i n  a f o r c e d - a i r  oven a t  100°C f o r  5 min. The t r e a t e d  adherends 
were primed w i t h i n  two hours o f  t h e  sur face t reatment  by apply ing a t h i n  
coat o f  t h e  polyamic-acid s o l u t i o n  o f  t h e  respec t i ve  adhesive on the  
surfaces t o  be bonded. A f t e r  a i r  d r y i n g  i n  a f o r c e d - a i r  oven f o r  30 m i n ,  
they were heated f o r  15 min a t  100°C and 15 rnin a t  150OC. 
adherends were p laced i n  a po lyethy lene bag and s t o r e d  i n  a des iccator  
The primed 
u n t i l  needed. Lap shear specimens were prepared by i n s e r t i n g  t h e  adhe- 
s i v e  tape between t h e  primed adherends us ing  a 1.27 cm over lap (ASTM 
D-1002) and app ly ing  2.07 MPa pressure i n  a h y d r a u l i c  press du r ing  t h e  
h e a t i n g  schedule. 
thermocouple spot-welded t o  the t i t a n i u m  adherend a t  t h e  edge o f  t h e  
bond1 i ne. 
Bonding temperature was monitored us ing  a type K 
Several bonding cyc les f o r  the LARC-F-SO;! adhesi ve were i n v e s t i g a t e d  
d u r i n g  t h i s  study t o  determine a bonding process which produced good 
st rengths.  The c y c l e  se lected was as f o l l o w s :  
*Trade name f o r  a t i t a n i u m  surface t reatment  a v a i l a b l e  from Semco, 
Glendale, CA. 
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(1) 2.07 MPa pressure, heat ing r a t e  8.2"C/min, RT + 343°C 
(2) 
( 3 )  Cool under pressure t o  150°C and remove from bonding press 
Past exper ience w i t h  these types of t he rmop las t i c  po ly imides had 
Held 1 h r  a t  343°C 
shown a b e n e f i c i a l  a f f e c t  when heat ing  t h e  adhesive tape t o  h igher  
temperatures f o r  a pe r iod  of time.g The adhesive tape heat t reatment  
se lec ted  was t h a t  which gave t h e  best l a p  shear s t reng ths  and invo lved an 
a d d i t i o n a l  heat t reatment  o f  1 h r  each a t  2OO0C, 225°C and 250°C. The 
c o l o r  o f  t h e  tape changed from a straw ye l l ow  t o  amber. 
LARC-F-SO2 adhesive tape which was s t i f f  and boardy was used t o  prepare 
l a p  shear specimens f o r  thermal exposure and water b o i l  tes ts .  LSS t e s t s  
were conducted a t  RT, 177°C and 204°C. 
The heat t r e a t e d  
A s i m i l a r  procedure was used t o  determine t h e  bes t  heat t reatment 
f o r  t h e  PIS02 adhesive tape. 
LARC-F-SO2 was used f o r  PIS02. The heat t reatment  chosen f o r  t h e  PIS02 
inc luded  a d d i t i o n a l  heat ing  f o r  1 h r  a t  each temperature from 200°C t o  
275°C i n  25°C increments. 
heat t rea tment  and t h e  adhesive was s t i f f  and boardy w i th  no tack o r  
drape. 
water  b o i l .  
The same bonding c y c l e  t h a t  was used f o r  
Some foaming o f  t h e  tape r e s u l t e d  due t o  t h e  
Specimens were prepared w i t h  t h i s  tape f o r  thermal exposure and 
Thermal exposures a t  204°C f o r  500 h r s  and 1000 h r s  were performed 
i n  a f o r c e d - a i r  oven c o n t r o l l e d  w i t h i n  2°C. Lap shear t e s t s  were 
conducted a t  RT, 177°C and 204°C before  ( c o n t r o l s )  and a f t e r  thermal 
exposure. 
I n  order  t o  determine t h e  e f f e c t s  o f  humid i ty  (mois ture)  on an 
adhesive, a 72-hr water b o i l  was conducted i n  l a b o r a t o r y  glassware 
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c o n t a i n i n g  d i s t i l l e d  b o i l i n g  w a t e r .  The bonded a r e a  o f  t he  l a p  shear 
specimens was immersed du r ing  a 72-hr per iod.  LSSs were subsequently 
determined a t  RT, 177°C and 204OC. 
These two adhesive systems, LARC-F-SO2 and PSI02 were cornpared w i t h  
10 r e s u l t s  p r e v i o u s l y  repor ted f o r  LARC-TPI and LARC-STPI. 
RESULTS AND DISCUSSION 
Resin chemi s t  ry 
The proposed general r e a c t i o n  scheme f o r  t he  format ion o f  t h e  po ly imide 
polymers t o  be evaluated i s  shown i n  F igu re  1. A d iscuss ion o f  t he  
r e a c t i o n s  t o  form LARC-F-SO2 and PIS02, i n  t h i s  case a PA endcapped 
version, i s  given s ince the  reac t i on  scheme o f  LARC-TPI and the  random 
copolymer, LARC-STPI, i s  repor ted i n  the  l i t e r a t u r e .  5 , lO  
The s t r u c t u r e  of LARC-F-SO2 formed from the monomer BTDA, 
3,3'-DDS02 and MPD i s  shown i n  F igu re  2. The copolymer conta ins br idged, 
aromat ic diamines w i t h  meta catenat ion.  Meta-or iented diamines were 
shown t o  have improved p r o c e s s a b i l i t y  and improved adhesive s t reng th  when 
compared t o  para-or iented  diamine^.^ 
amine-derived moiet ies,  should in t roduce t h e r m o p l a s t i c i t y  because o f  t h e  
i n h e r e n t  f l e x i b i l i t y  o f  these u n i t s  o f  t he  polymer chain. 
mixed solvents,  as i n  the  p repara t i on  o f  LARC-F-SO2, i s  not  prefer red.  
D a t a  from our l abo ra to ry  has shown t h a t  t h e  use o f  d i g l y n e  i s  p r e f e r r e d  
over amide so lvents  such as DMAc. However, i n  the  present study the use 
of a mixed so l ven t  system was necess i ta ted by the  i n s o l u b i l i t y  o f  t he  
The meta l inkages,  as i n  both 
The use o f  
4 
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polyamic a c i d  o f  LARC-F-SO2 i n  diglyme. We f e e l  t h a t  t h e  u l t i m a t e  
adhesive p r o p e r t i e s  o f  t h i s  copolymer are lower than would be expected i f  
on ly  diglyme were t h e  solvent.  
d u r i n g  bonding might be a t t r i b u t a b l e  t o  the  presence o f  DMAc s ince t h i s  
phenomenon was noted i n  adhesives repor ted i n  re ference 4. 
Some o f  t h e  darkening o f  t h e  adhesive 
The s t r u c t u r e  o f  PIS02 formed from BTDA and 3,3'-DDS02 w i t h  PA end 
caps i s  shown i n  F i g u r e  2. 
had been discussed i n  references 7 and 9. The purpose o f  endcapping t h i s  
polymer was t o  c o n t r o l  t h e  molecular weight o f  t h e  polymer chains 
a l l o w i n g  g rea te r  f l o w  d u r i n g  processing and t o  prevent chain extens ion 
d u r i n g  cure which creates v o l a t i l e s  and foaming. Again, t h e  meta- 
o r i e n t e d  diamine, 3,3'-DDS02, a l lows f l e x i b i l i t y  i n  t h e  polymer chain and 
i s  p a r t i a l l y  responsib le  f o r  some o f  t h e  t h e r m o p l a s t i c i t y  o f  t h e  polymer. 
Also shown i n  F igu re  2 are the  s t ruc tu res  o f  LARC-TPI and LARC-STPI. 
The format ion o f  PIS02 w i t h o u t  end capping 
LSS and d u r a b i l i t y  comparison 
Test r e s u l t s  from t h i s  study f o r  LARC-F-SO2 and PIS02 are compared w i t h  
data repo r ted  f o r  PIS02 i n  Table I and Figure 3. F i g u r e  3 shows t h e  LSSs 
f o r  non-exposed specimens f o r  t e s t s  conducted a t  RT, 177"C, 204°C and 
232°C where Tab1 e 1 i n c l  udes processing i n f o r n a t i  on and thermal agi ng 
data. LARC-F-SOz and PIS02 each have BTDA and the  diamine, 3,3'-DDS02, 
i n  common. The s t r e n g t h  t e s t  r e s u l t s  o f  t he  present study i n d i c a t e  t h e  
PIS02 adhesive system provides s i g n i f i c a n t l y  h igher  s t reng ths  a t  RT, 
177°C and 204°C than t h e  CARC-F-SO2 adhesive system: 
compared t o  17.9 MPa; 177"C, 27.5 MPa compared t o  18.8 MPa; and 204"C, 
RT, 27.5 MPa 
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20.4 MPa compared t o  19.6 MPa. 
232°C. S l i g h t  d i f f e rences  i n  t h e  bonding process, t h e  adhesive res in ,  
t h e  p repara t i on  o f  t h e  adhesive tape, and sur face  treatment may account 
f o r  t h e  small  d i f f e rences  i n  t h e  s t reng th  values f o r  PIS02 repor ted  i n  
re fe rences  7 and 9, although they are s t i l l  comparable t o  those o f  t h e  
present  study. Note t h e  good s t rengths  r e t a i n e d  f o r  those the rma l l y  aged 
up t o  5000 h r s  a t  204°C i n  re fe rence 7,  i.e. 20.5 MPa f o r  RT and 204OC 
t e s t s .  
PIS02 a l s o  had a LSS o f  23.1 MPa a t  
F i g u r e  4 and Table I 1  present t h e  r e s u l t s  o f  thermal exposure i n  a i r  
Resu l ts  are expressed a t  204°C f o r  LARC-F-SO2 and PIS02 (present study).  
i n  g raph ica l  form f o r  those i n t e r e s t e d  i n  o b t a i n i n g  a qu ick  p i c t o r i a l  
summary o f  t h e  r e s u l t s  and i n  t a b u l a r  form f o r  those i n t e r e s t e d  i n  more 
d e t a i l  and a d d i t i o n a l  i n f o r m a t i o n  no t  i nc luded  i n  t h e  graphs such as Tg, 
f a i l u r e  mode, and t h e  number o f  specimens tes ted .  
RT, 177°C and 204°C was observed f o r  LARC-F-SO2 t h e r m a l l y  aged f o r  up t o  
1000 hrs. A s l i g h t  increase i n  s t reng th  w i t h  t e s t  temperature was 
i n d i c a t e d  al though t h e  range o f  s t rengths  tend t o  over lap  i n  most cases. 
F a i l u r e s  were p r i m a r i l y  cohesive except f o r  t he  RT t e s t s  f o r  t h e  500 h r s  
and 1000 h r s  exposure which were p r i m a r i l y  adhesive f a i l u r e .  
darkening o f  t h e  adhesive i n  t h e  f r a c t u r e d  area (almost b lack )  i s  t y p i c a l  
o f  systems which use the  amide solvents. 
16"C, was determined a f t e r  t h e  1000 h r  exposure. 
unusual f o r  poly imides and has been n o t i c e d  i n  pas t  studies.  Tg, 
measured by t h e  TRA technique, o f  LARC-F-SO2 p r e t r e a t e d  f o r  1 h r  each a t  
l O O " C ,  200°C and 300°C was 282°C compared t o  t h e  Tg determined by TMA 
( p e n e t r a t i o n  technique) i n  t h e  f r a c t u r e d  area, 255°C. 
No change i n  LSS a t  
The 
A s i g n i f i c a n t  inc rease i n  Tg, 
Th is  inc rease i s  no t  
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A s l i g h t  decrease i n  LSS was found f o r  PIS02 specimens exposed f o r  
500 h r s  and 1000 hrs  a t  204OC. Those exposed f o r  1000 hrs  were 90% o f  
t h e  c o n t r o l ' s  va lue a t  RT, 80% a t  177"C, 87% a t  204°C and 86% a t  232OC. 
J o i n t  f a i l u r e s  were p r i m a r i l y  cohesive f o r  a l l  t e s t s  except f o r  the RT 
c o n t r o l  t e s t  which was cohesive/adhesive. The c o l o r  o f  t h e  adhesive i n  
t h e  f a i l e d  bond area was almost black. A s l i g h t  general  increase i n  Tg 
w i th  i n c r e a s i n g  t i m e  o f  thermal exposure was observed, i nc reas ing  from an 
average 256°C f o r  t h e  c o n t r o l s  t o  268°C f o r  those exposed f o r  1000 hrs. 
As w i th  LARC-F-SO2, t h i s  phenomenon i s  t y p i c a l  o f  poly imides. 
determined by TBA f o r  PIS02 p re t rea ted  f o r  1 h r  each a t  100°C, 2OOOC and 
300°C was 272OC. 
The Tg 
Resul ts  o f  thermal exposure i n  a i r  a t  204OC f o r  LARC-TPI and 
LARC-STPI a re  g iven i n  F igu re  5 and Table 111. Data a re  shown f o r  LSS 
t e s t s  conducted a t  RT, 177°C and 204°C a f t e r  thermal exposures o f  500 h r s  
and 1000 hrs. 
LARC-TPI prov ides e x c e l l e n t  s t reng th  f o r  a l l  t h r e e  t e s t  temperatures 
w i t h  no change i n  s t r e n g t h  due t o  the  thermal exposure. Previous work 
repo r ted  has shown t h e  polymer t o  have e x c e l l e n t  thermooxidat ive 
r e s i s t a n ~ e . ~  There i s  a general decrease i n  s t r e n g t h  w i t h  i nc reas ing  
t e s t  temperature; however, t he  decrease i s  smal l :  l e s s  than 24% f o r  t h e  
worst  case, i.e. 33.0 MPa t o  25.2 MPa. A l l  f a i l u r e s  were 100% cohesive. 
Tgs ranged from 225OC t o  246°C. 
a t  100°C, 200°C and 3OOOC determined by DSC, was 260°C.'0 
The Tg o f  a f i l m  t r e a t e d  f o r  1 h r  each 
The copolymer, LARC-STPI , which has t h e  meta-1 i nked  phenylenediamine 
s t r u c t u r e  i n  common w i t h  LARC-F-SO2, showed a s l i g h t  decrease i n  s t reng th  
w i t h  thermal exposure. The st rengths o f  those exposed f o r  500 hrs  and 
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1000 hrs, approximately 23 MPa, are t h e  same, bu t  s l i g h t l y  lower than t h e  
c o n t r o l ' s  strengths,  approximately 26 MPa. The pr imary  f a i l u r e  mode was 
cohesive except f o r  t h e  500 and 1000 h r  exposure specimens t e s t e d  a t  RT 
which were cohesive/adhesive and adhesive, respec t i ve l y .  The Tgs 
determined f o r  LARC-STPI f rac tu red  specimens were between 260°C and 
267OC. 
LARC-STPI p r e t r e a t e d  f o r  1 h r  each a t  l O O " C ,  200°C and 300°C. 
A Tg o f  283"C, determined by TBA, was repo r ted  e a r l i e r  f o r  
An o v e r a l l  comparison of t h e  four adhesive systems shows LARC-TPI t o  
p rov ide  t h e  h ighes t  LSSs, approximately 33 MPa a t  RT, 30 MPa a t  177OC and 
26 MPa a t  204OC. LARC-F-SO2, LARC-TPI and LARC-STPI a l l  r e t a i n  t h e i r  
s t reng ths  a f t e r  thermal exposure up t o  1000 h r s  a t  204°C and PIS02 
r e t a i n s  g rea te r  than 80% o f  t he  c o n t r o l ' s  s t reng th  a t  each t e s t  
temperature a f t e r  exposure. LARC-TPI had t h e  lowest  range of Tgs, 228°C 
t o  246"C, o f  t h e  f o u r  adhesives. A l l  the  others ranged from 251OC t o  
273°C. The predominant f a i l u r e  mode was cohesive. 
72-Hour water b o i l  
The res i s tance  o f  t h e  f o u r  adhesive systems t o  water (humid i t y )  was 
determined by immersing l a p  shear specimens i n  d i s t i l l e d  b o i l i n g  water 
f o r  a 72-hr p e r i o d  and subsequently t e s t i n g  t h e i r  LSS a t  RT, 177°C and 
204OC. Resu l ts  of t h e  present study f o r  LARC-F-SO2 and PIS02 are g iven 
a long w i t h  r e s u l t s  repo r ted  f o r  LARC-TPI and LARC-STPI" i n  F igure  6 and 
Table I V .  
LARC-F-SO2 which has t h e  lowest con t ro l  s t reng ths  o f  t h e  f o u r  
adhesive systems f o r  a l l  t h ree  t e s t  temperatures shows a s l i g h t  inc rease 
15 
i n  s t reng ths  a t  RT and 177OC (112% and 102% o f  t h e  c o n t r o l s '  values, 
r e s p e c t i v e l y ) .  However, a t  2040C the  s t r e n g t h  was 80% o f  t he  c o n t r o l ' s  
s t rength.  
po ly imide systems i n c l u d i n g  those repor ted here. 
mode a f t e r  water b o i l  was cohesive whereas t h e  c o n t r o l ' s  f a i l u r e s  were a 
Th is  percentage r e t e n t i o n  was e x c e l l e n t  when compared t o  o the r  
The pr imary f a i l u r e  
combination o f  cohesive/adhesive a t  RT and 1 7 7 O C .  
no change i n  Tg due t o  t h e  water b o i l .  
There was e s s e n t i a l l y  
A decrease i n  LSS wi th  i nc reas ing  t e s t  temperature was determined 
f o r  t h e  PIS02 system. The LSS values a f t e r  water b o i l  were 79% o f  t he  
c o n t r o l ' s  RT s t rength,  68% f o r  t h e  1 7 7 O C  t e s t ,  and 61% f o r  t h e  204OC 
t e s t .  The c o n t r o l  s t rengths f o r  PIS02 were s i g n i f i c a n t l y  h igher  than 
those f o r  LARC-F-SO2; therefore,  even though t h e  percent o f  s t r e n g t h  
r e t e n t i o n  was lower f o r  PIS02, t h e  absolute LSS values a f t e r  water b o i l  
were s t i l l  about t he  same a s  those f o r  LARC-F-SO2. Specimens examined 
a f t e r  t h e  water b o i l  t e s t s  were found t o  be p r i m a r i l y  cohesive f a i l u r e s  
as were those o f  t he  con t ro l s .  No s i g n i f i c a n t  change i n  Tg was noted 
a f t e r  t he  water b o i l  t es ts .  
LARC-TPI i n i t i a l l y  provided the  h ighest  c o n t r o l  LSSs a t  RT and 177°C 
of t h e  four  adhesive systems and about t h e  same s t r e n g t h  a t  204°C as 
PIS02 and LARC-STPI (24 t o  25 MPa). A f t e r  water b o i l ,  LARC-TPI r e t a i n e d  
84% o f  t he  c o n t r o l ' s  RT s t rength,  67% o f  t he  c o n t r o l ' s  1 7 7 O C  s t rength,  
and only  40% o f  t he  c o n t r o l ' s  204°C st rength,  t he  poorest  percent 
r e t e n t i o n  and t h e  lowest s t reng th  value, 10.1 MPa, o f  t h e  f o u r  adhesives 
tested.  F a i l u r e s  were a l l  p r i m a r i l y  cohesive before and a f t e r  water 
b o i l .  No s i g n i f i c a n t  changes i n  Tg were found. 
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Water b o i l  a l so  produced reduced s t rengths  f o r  LARC-STPI. The LSSs 
of LARC-STPI specimens tes ted  a f t e r  water b o i l  were 88% o f  the  c o n t r o l ' s  
RT s t rength ,  62% o f  t h e  c o n t r o l ' s  177°C s t reng th  and 68% of t h e  c o n t r o l ' s  
204°C s t rength .  LARC-STPI had the  h ighes t  s t reng th  a t  204°C o f  t h e  f o u r  
adhesive systems, an average o f  17.0 MPa; s l i g h t l y  h igher  than LARC-F- 
S02, 15.7 MPa and PIS02, 14.7 MPa and s i g n i f i c a n t l y  h igher  than LARC-TPI, 
10.1 MPa. The f a i l u r e  mode f o r  t he  t e s t e d  LARC-STPI was p r i m a r i l y  
cohesive. No change i n  Tg was determined a f t e r  water b o i l .  
SUMMARY 
Research cont inues a t  Langley Research Center on syn thes is  and 
development o f  new inexpensive f l e x i b l e  aromat ic po ly imides as adhesives 
which con ta in  br idged aromat ic diamines w i t h  meta cantenat ion.  The 
present  work r e s u l t e d  i n  a ma te r ia l  i d e n t i f i e d  as LARC-F-SO2 w i t h  
s i m i l a r i t i e s  t o  po ly imidesul fone,  PIS02, and o ther  f l e x i b l e  backbone 
po ly imides  r e c e n t l y  repor ted  by Progar and S t .  C l a i r .  A lso prepared i n  
our l a b o r a t o r y  and evaluated was a p h t h a l i c  anhydride endcapped vers ion  
of PIS02. These two polymers were synthes ized and evaluated as  adhesives 
and compared w i t h  LARC-TPI and LARC-STPI, po ly imides researched i n  our 
1 abora tory  and repor ted  i n  1 i te ra tu re .  
The adhesive evaluat ion,  p r i m a r i l y  based on l a p  shear s t reng th  (LSS) 
t e s t s ,  i nvo l ved  prepar ing adhesive tapes, conduct ing bonding s tud ies,  and 
exposing l a p  shear specimens t o  a thermal exposure i n  a i r  a t  204°C f o r  up 
t o  1000 h r s  and a 72-hr water b o i l  exposure. LSS t e s t s  a t  RT, 177°C and 
204°C were performed before ( c o n t r o l s )  and a f t e r  these exposures. The 
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t y p e  of adhesive f a i l u r e  as w e l l  as the  glass t r a n s i t i o n  temperature, Tg, 
was determined f o r  t h e  f ractured specimens. 
When comparing a l l  four adhesive systems, t h e  r e s u l t s  i n d i c a t e  t h a t  
LARC-TPI prov ides the  h ighest  LSSs, 33 MPa a t  RT, 30 MPa a t  177°C and 26 
MPa a t  204OC. LARC-F-SO2, LARC-TPI and LARC-STPI a l l  r e t a i n  t h e i r  
s t r e n g t h s  a f t e r  thermal exposure a t  204°C i n  a i r  f o r  up t o  1000 hrs, t he  
maximum t i m e  considered i n  t h i s  study and PIS02 r e t a i n s  greater  than 80% 
o f  i t s  c o n t r o l  strengths.  The predominant f a i l u r e  mode was cohesive. 
A f t e r  a 72-hr water b o i l  exposure, most o f  t h e  f o u r  adhesive systems 
showed reduced st rengths f o r  a l l  e levated t e s t  temperatures. A l l  
adhesive systems e x h i b i t e d  a h igh percentage o f  s t r e n g t h  r e t e n t i o n  f o r  
t h e  t h r e e  t e s t  temperatures (> 60%) except f o r  LARC-TPI t e s t e d  a t  204°C 
which had a 40% re ten t i on .  LARC-STPI re ta ined  t h e  h ighes t  s t reng th  a t  
204"C, approximately 17.0 MPa; s l i g h t l y  h igher  than LARC-F-SOz, 15.7 MPa 
and PISO2,  14.7 MPa; and s i g n i f i c a n t l y  h igher  than LARC-TPI, 10.1 MPa. 
F a i l u r e  modes were p r i m a r i l y  cohesive f o r  a l l  adhesive systems. No 
s i g n i f i c a n t  changes i n  Tgs were found. 
Al though t h e  LARC-F-SO2 could not  be prepared i n  d ig l y lme  alone as 
t h e  so l ven t ,  t h e  p r o p e r t i e s  o f  t he  r e s u l t i n g  adhesive were notable. The 
darkening o f  t h e  adhesive dur ing bonding was t y p i c a l  o f  systems which 
u t i l i z e  amide solvents.  
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Figure 2. Thermoplastic polyimide structures. 
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